ABSTRACT: This is the first comprehensive study of the community structure and spatial distribution of macrofauna in deep, muddy sediments of Placentia Bay, Newfoundland, and the adjacent shelf. The study examines the influence of water column (e.g. chlorophyll a [chl a], temperature and salinity) and sediment characteristics (e.g. grain size, carbon and nitrogen content) on infaunal patterns. Box-core samples were collected at 10 sites in June and July of 1998 from the head of the bay to the edge of the continental shelf. Multivariate analyses of community composition and environmental variation indicated inshore and offshore groupings. Inshore communities had lower species richness, diversity and densities. Fauna living deeper in the sediment were also more abundant in offshore areas. The inshore region was characterised by greater mixed-layer temperatures, higher surface chl a and large amounts of relatively fresh organic carbon (low C/N ratios) in sediments. Within the inshore sites, high levels of organic carbon influenced macrofaunal assemblages that were similar to those characteristic of organic-rich areas. Surface chl a concentration was positively correlated with sedimentary organic carbon, which was the most important predictor of infaunal abundance. At broad scales, surface chl a and sedimentary organic carbon were negatively related to infaunal abundance. Moreover, this pattern was confounded by particularly low densities at 3 inshore sites where organic levels were very high, and elevated densities at 1 productive offshore site. Low densities at these 3 inshore sites may be a result of sulphide production in sediments, or of poor food quality. Broad-scale patterns (inshore vs offshore) of community composition and abundance in Placentia Bay are largely influenced by surface oceanography through production export.
INTRODUCTION
Marine benthic infaunal species are characteristically patchy in distribution, abundance and diversity (e.g. Volchaert 1987 , Morrisey et al. 1992 ). This patchiness has been long recognised (Petersen 1913 , Jones 1950 ) and a number of studies have shown that infaunal species which define particular assemblages or communities are influenced by a variety of environmental and biological factors. Longhurst (1998) divided the ocean into biogeographic regions based primarily on biophysical attributes of surface waters; these same variables that are so important in pelagic systems also influence bottom-living organisms. For example, temperature, salinity and depth often influence broad distributions (from 1 km to 1000s km) in terms of physiological constraints (e.g. Houston & Haedrich 1984: depth) . Circulation patterns can influence benthic communities in many ways. Most importantly, they modify other water column processes, such as near-bottom flow, that bring food and new recruits to the community (e.g. Butman 1987 , Snelgrove & Butman 1994 . Moreover, bottom currents largely determine sediment type and food supply (i.e. organic content) to the benthos, which in turn influences benthic patterns (e.g. Gray 1974 , Rhoads 1974 . Circulation also affects larval supply to benthic habitats because larval supply is thought to be primarily passive over broad scales (Butman 1987 , Bradbury & Snelgrove 2001 . However, the link between larval supply and benthic pattern is a subject of continuing debate (Ólafsson et al. 1994 , Snelgrove & Butman 1994 . Circulation is closely linked to wind as well as topographic features such as islands and banks, which can create enhanced larval retention through eddies (Lobel & Robinson 1986 , Tremblay et al. 1994 , and also produce highly productive areas associated with upwelling that may influence larval transport and survival (e.g. Shanks 1995) . All of these processes act in concert with post-settlement processes such as disturbance (e.g. Rhoads & Young 1970 , Woodin 1978 , predation (e.g. Peterson 1979 ) and competition (e.g. Peterson 1977 ) to influence benthic patterns in distribution and abundance.
Most soft-bottom communities at depths below the photic zone are dependent on sinking water column production as the major food source, and thus the quality and quantity of organic matter reaching the seabed is likely to be an important influence on benthic community structure, biomass and metabolism (Mills 1975 , Jørgensen 1983 , Smetacek 1984 . Horizontal advection can complicate this linkage by causing a spatial discontinuity between surface waters and the benthos through transport of sinking particles (detritus, larvae) to a bottom area that is distant from the surface waters where they were abundant (e.g. Walsh et al. 1988 , Lampitt et al. 1995 . In addition, decoupling between herbivory and primary production can result in greater export of production to the bottom as a result of lowered zooplankton grazing rates (Ambrose & Renaud 1995) .
With the exception of pollution studies (e.g. Pearson et al. 1983) , most benthic-pelagic coupling studies have examined infaunal response to organic matter input (i.e. phytodetritus) using community bulk measurements such as oxygen or carbon dioxide exchange (Smith et al. 1983 , heat or nutrient release (Smith et al. 1983) or changes of bacterial biomass (ATP) (Drazen et al. 1998) . Limited attention has been given to responses of specific infaunal groups or individuals to variable organic matter inputs. Studies of bacteria (Lochte & Turley 1988 , Pfannkuche 1993 ), meiofauna (Pfannkuche 1993 , Gooday et al. 1996 or macrofauna (Long & Lewis 1987 , Grebmeier et al. 1988 , Pfannkuche 1993 , Ambrose & Renaud 1995 have shown a variety of community responses to the input of organic matter.
Macrofaunal studies have typically found a positive relationship between benthic abundance and biomass and enhanced flux of organic carbon to the seabed (Elmgren 1978 , Davies & Payne 1984 . For example, Grebmeier et al. (1988) found a significantly greater benthic biomass in the Bering Shelf region where water column primary production was much higher, and Ambrose & Renaud (1995) found water column and benthic pigment (chlorophyll a [chl a] and phaeopigment) concentration were the most important predictors of infaunal density and polychaete biomass.
Although many factors influence patterns of species composition and diversity, it has proven difficult to determine which of these covariables are most important in creating and maintaining structure within benthic communities, particularly given the extreme patchiness of infauna (Whitlatch 1980) . Spatial and temporal variability are a major feature of the pelagic realm and the linkage to benthic community pattern is not well understood, especially in cold ocean systems .
Data on relatively broad-scale (100s km) benthic structure as a function of oceanographic variables are few. The present work is part of a larger study on the Placentia Bay, Newfoundland, ecosystem (e.g. Lawson & Rose 2000 , Bradbury et al. 2000 , Bradbury & Snelgrove 2001 , and the availability of complementary data on surface oceanography provides an opportunity to study benthic patterns of diversity and abundance in relation to a suite of relatively large-scale oceanographic variables. Although studies that have linked surface production to benthic biomass and abundance are typically at larger scales than the Placentia Bay study, multiple surveys of Placentia Bay indicate strong spatial variation in phytoplankton (Bradbury et al. 2000) and zooplankton communities (P. V. R. Snelgrove, S. Fraser, I. R. Bradbury unpubl. data).
The present study describes the community structure and spatial distribution of sedimentary macrofauna on muddy substrates in Placentia Bay and the adjacent shelf environment in relation to environmental variables. Specifically, water column characteristics, such as surface production chl a, and sedimentary characteristics, such as carbon and nitrogen content, are examined in order to determine how they influence infaunal community composition and diversity along an inshore/offshore gradient that extends from the head of Placentia Bay to the edge of the continental shelf.
MATERIALS AND METHODS
Study site. Placentia Bay is a large embayment on the south coast of Newfoundland (Fig. 1) , ~132 km long (oriented NNE to SSW) and 100 km wide at its southern mouth, which links it to the adjacent shelf environment. Several shallow banks are interspersed with channels > 200 m in depth. The inner part of the bay is divided longitudinally into 3 channels by several islands, whereas the outer bay and shelf are wide open. Circulation patterns within the bay are characterised by northerly flow on the eastern side and southerly flow on the western side, with relatively weak flows at the head of the bay (see Bradbury et al. 2000 , Schillinger et al. 2000 . Oderin Bank, located in the outer bay, is known locally to be a productive area with summer upwelling.
Sampling design. Samples were collected with a small, rectangular single-spade box corer, containing 6 subcores that each measured 10 × 10 cm wide and 30 cm deep. Replicate 600 cm 2 box-core samples were collected using a random, nested design within each site, encompassing a geographic area of 1.4 km 2 . A total of 6 replicates were collected from sites in the inner bay; however, because of ship time constraints only 2 to 3 replicates were collected from each of the sites located between the outer bay and shelf edge (i.e. Sites O, S 1 , S 2 , S 3 ). In some instances, alternate sampling sites were randomly generated, using the same method described above, because bottom substrate at some of the initial sites was not appropriate for the sampling gear. Most samples were collected from similar depths with the average site depth ranging between 184 and 232 m. However, a site at the head of the bay (H) was much shallower (~67 m) and another in the lower Western Channel (W 2 ) was deeper (~286 m). Infaunal sampling. The subdivision of the box corer into 6 subcores allowed several variables to be sampled simultaneously. Four of the subcores were processed over a 500 µm screen to evaluate the macrofaunal community, and 1 of the 2 remaining subcores was used for CHN and grain size analyses. Because macrofauna generally occur within the top 6 to 8 cm of sediment and are usually concentrated in the welloxygenated top 3 cm, subcores were sectioned into 0 to 3 cm and 3 to 10 cm vertical increments for macrofaunal analysis; this strategy facilitated later processing. Macrofaunal samples were initially preserved in 4% buffered formalin and then transferred to 70% ethanol with rose bengal. Only macrofaunal individuals were enumerated and identified to species where possible. Nemerteans and a few representatives from difficult groups such as Capitellidae and Paraonidae were not identified to the species level.
Environmental data. Vertical casts for salinity and temperature were collected with a Seabird 25 CTD concurrently with box core samples at 1 of the replicate sampling areas at each site within the inner bay, outer bay and shelf edge and at 2 of the replicate sampling areas at each site on the shelf (S 1 and S 2 ). Mixed-layer temperatures and salinities were determined by averaging the upper Chl a samples were collected from a grid of stations throughout Placentia Bay during June and August 1998. Triplicate 100 ml samples were collected with a 5 l Niskin bottle at 5 m depth and analysed by methods outlined by Bradbury et al. (2000) . These measurements were consistent with distributions observed in SeaWiFS (sea-viewing wide field of view sensor) sea surface images for the same time period (see http://dfomr.mar.dfo-mpo.gc.ca./science/ocean/ seawifs/seawifs_1.html). Chl a measurements for April, July and September were taken from SeaWiFS. Distances of each site from the nearest shoreline and from the head of the bay were determined using the program Mapinfo. CTD casts and chl a measurements were not conducted at all replicate sampling areas due to ship time constraints. Sediment analyses. For grain size analysis, a 50:50 water:peroxide solution was added to each sediment sample and then heated to remove organics. Disaggregated samples were wet-sieved for coarse fractions (62.5 to 350 µm), whereas sedigraph analysis (5100 Micromeritics) was used to determine fine fractions (< 62.5 µm) (modified from Lewis & McConchie 1994) . For CHN analysis, samples were freeze-dried at -60°C prior to analysis in a Perkin Elmer Model 2400. Sediments were not acid-treated prior to elemental analysis to remove inorganic carbon because shell fragments were not observed in sediments and sediment samples from other Newfoundland Bays have shown that carbonate concentrations are very low and do not affect total carbon values (E. Hatfield, Memorial University, pers. comm.).
Data analyses. The 4 subcores in a given boxcore were pooled for community composition analysis, resulting in 6 replicate samples (400 cm 2 surface area each) at each site within the bay, but fewer replicates in the outer bay and shelf. Community composition was compared among sites using CNESS (chord distance normalised expected species shared) as described by Trueblood et al. (1994) . CNESS is an extension of Orloci's (1978) chord distance and Grassle & Smith's (1976) NESS (normalised expected species shared). This particular index was chosen because it is sensitive to rare as well as abundant species. Distribution patterns were clustered using unweighted, pair-group mean average sorting of CNESS dissimilarities (COMPAH 96, E. D. Gallagher, University of Massachusetts, Boston); a metric scaling of CNESS was also performed (Matlab program by E. D. Gallagher).
The normalised hypergeometric probability matrix (H) that was produced by metric scaling of CNESS was then analysed by principal components (PCA-H). Plots produced from this analysis are very similar to those produced by non-metric multidimensional scaling (NMDS) (Trueblood et al. 1994 ; however, because the scaling is metric, it is possible to overlay a Gabriel Euclidean distance biplot (Gabriel 1971) , where the length and angle of species vectors indicate the contribution of the species to the PCA-H axes. For simplicity, only species that contributed > 5% to CNESS variation were included in the biplots.
Determining which species are most influential in creating the spatial pattern from the biplots alone is somewhat subjective, because biplots capture withinsite as well as between-site variation. To provide a more objective interpretation, discriminant function analysis (SPSS 8.0) was also performed with site grouping (as determined from PCA-H analysis) designated as factor. This analysis was not used for formal hypothesis testing; instead it was used as a relative yardstick to evaluate which species were responsible for the between-site variation observed in the PCA-H plots. Taxa with a p-value < 0.05 were designated as most important. The percentage that each species contributed to total individuals was calculated using the same site groupings as the discriminant function analysis.
PCA (principal component analysis) determined differences among the 10 sampling sites based on environmental variables, including abiotic and biotic water column variables and sediment-related measures (SPSS 8.0). Prior to analysis, variables were standardised Z-scores to weight all variables equally. Because of the close proximity of replicate sites, environmental variables were only collected for 1 or 2 of the replicate sampling locations at each site; replication of environmental variables was therefore less than it was for species data. Summary biotic variables (e.g. diversity) were linearly correlated with environmental variables; Dunn-Š idák adjustment of the p-value resulted in a critical p-value of 0.0002. A multiple regression with adjusted F-ratios and p-values was also run separately with diversity, richness and density as the dependent variable and environmental variables as the independent variables. A stepwise approach was used, so only significant variables were included in the model. Given that many of the environmental variables in this study are interrelated, only 9 were used in this analysis: depth, % organic carbon (variation in C/N ratios among sites was small), mixed-layer temperature, bottom temperature, bottom salinity, mixed-layer salinity, distance from the head of the bay, chl a in June and % very fine to medium silt.
Summary variables (Shannon-Wiener diversity H ' [base 2], richness, evenness and density of total macrofauna) were compared at each site by plotting means and 95% confidence intervals. Vertical fractions (i.e. total density in the 0 to 3 cm fraction compared to the 3 to 10 cm fraction) were also compared among different areas of the bay to examine whether some sites contained deeper-living infauna compared to others. Average densities of the dominant taxa (i.e. taxa that were among the 4 most abundant at any 1 site) were compared by plotting means and 95% confidence intervals for each site. Because multivariate analyses suggested an inshore/offshore difference, where the outer bay was more similar in terms of species composition and environmental variables to the shelf samples (see 'Results'), offshore and inshore samples were grouped separately for diversity comparisons. Inshore and offshore comparisons were made with a Mann-Whitney U-test.
RESULTS
At a dissimilarity of 67%, cluster analysis showed 6 infaunal groups (Fig. 2) : the head (H), Central Channel (C), outer bay (O), combined Eastern and Western Channels (E 1&2 and W 1&2 ), shelf sites (S 1 and S 2 ) and shelf edge (S 3 ). Site groupings based on PCA-H analysis were less ambiguous (Fig. 3) , with distinct communities at the head of the bay (H), in the Central Channel (C) and at the edge of the continental shelf (S 3 ). The Eastern and Western Channels formed a grouping (except for several Western Channel samples), and the outer bay (O) and shelf sites (S 1 and S 2 ) formed another grouping. Thus, the inner bay channel samples (E 1&2 and W 1&2 ) were generally similar to one another and the outer bay samples (O) were more similar to those collected from the shelf (S 1 , S 2 ). Moreover, unlike the pattern observed for the inner bay, the outer bay/shelf sites (O, S 1 , S 2 ) were distinct from one another, and the shelf edge site (S 3 ) was distinct from each of these. Thus, benthic composition changed and became more spatially distinct with increased distance from the A total 15 120 individuals were collected from 10 stations encompassing 118 different taxa. Many taxa were present at very low densities at few sites; of the 118 taxa, 35 were present at only 1 site. The dominant taxa in Placentia Bay included 11 polychaete species, the bivalve Thyasira sp., Nemertea species and the 220 Fig. 4 . Plot showing means and 95% confidence intervals for (A) total density of macrofauna at each site (n = 6 for Head, Central, West 1 and 2, East 1 and 2, n = 2 for Shelf 1, and n = 3 for Outer, Shelf 2 and 3), (B) species richness, (C) species evenness J ', (D) Shannon diversity H '. Note scale on y-axes differs among panels Table 1 . Mann-Whitney test for differences in diversity, species richness, evenness, total density, density in the 3 to 10 cm core fraction and density in the 0 to 3 cm core fraction between the inshore (H, C, E amphipod Byblis gaimardi (Fig. 6 ). Polychaetes were the most abundant group, comprising 88% of total infauna. Bivalves and amphipods constituted 4 and 2%, respectively. The single most abundant species was the polychaete Cossura longocirrata, which comprised 54% of the total infauna (63% of polychaetes); densities ranged from 33 to 350 ind. per 400 cm 2 (Fig. 6 ). The polychaetes Prionospio steenstrupi (8% of total infauna), Nephtys neotena (3% of total infauna) and Dorvilleidae (3% of total infauna), including Parougia eliasoni and Dorvillea rudolphi, were the next most abundant taxa. Gabriel biplots indicate that the polychaetes C. longocirrata and Dorvilleidae spp. were more abundant within the inner part of the bay (H, C, W 1&2 , E 1&2 ), whereas Capitellidae spp. and P. steenstrupi were more abundant on the shelf (S 1&2 ) and at the shelf edge (S 3 ), (Fig. 6) . At the head of the bay (H), the polychaete Pectinaria granulata was abundant, comprising 25% of total densities. This species was either absent or rare at all other sites (Fig. 6 ). Discriminant function analysis on the above site groupings identified 40 taxa, in addition to those listed above, as being important in the between-site variation observed in PCA-H plots. Of these 40, taxa comprising > 5% of the total density at any one site included Thyasira sp., which was abundant in the Central Channel (C) and outer bay, as well as Nemertea, Paraonidae sp., Chaetozone setosa and Terebellides stroemi, which were also more abundant at the shelf edge.
Species richness ranged from 18 to 45 taxa per sample (Fig. 4B ) and was significantly higher (n = 47, U-test = 50.5, p < 0.001) in offshore (x offshore = 38.72, x inshore = 24.17) samples (Table 1) ; however, species Plot showing means and 95% confidence intervals for total density of macrofauna in the 0 to 3 cm and 3 to 10 cm sediment fractions at each site (n = 6 for Head, Central, West 1 and 2, East 1 and 2, n = 2 for Shelf 1, and n = 3 for Outer, Shelf 2 and 3) Fig. 6 . Plot showing mean densities and 95% confidence intervals of dominant taxa with n = 6 (Head, Central, West 1 and 2, East 1 and 2), n = 2 (Shelf 1) and n = 3 (Outer, Shelf 2 and 3). Note scale on y-axes differs among taxa richness offshore was highly variable. Evenness varied between 0.42 and 0.82 (Fig. 4C ) and was not significantly different (n = 47, U-test = 145.0, p = 0.018) between inshore and offshore stations (x offshore = 0.67, x inshore = 0.57) ( Table 1) . Shannon diversity H ' indices for Placentia Bay and the adjacent shelf (Fig. 4D ) ranged from very low to moderate (1.3 to 3.1). Diversity H ' was lowest in the Eastern Channel (E 1&2 ), lower Western Channel (W 1 ) and S 1 , and was highest at the shelf edge (S 3 ). Diversity inshore (x = 1.76) was significantly lower (n = 47, U-test = 33.6, p < 0.010) than offshore (x = 2.39) ( Table 1) .
Environmental data
Mean sedimentary organic carbon in the bay was significantly higher (n = 43, U-test = 15, p <0.001) in the head and inner bay (x = 6.49%, SD = 1.20, n = 18) compared to the outer bay (O), shelf (S 1 , S 2 ) and shelf edge (S 3 ); (x = 2.25%, SD = 1.65, n = 10). C/N ratios were relatively low in the area between the head of the bay and shelf (x = 8.63, SD = 0.40, n = 26), and were much higher at the shelf edge (x = 19.4, SD = 19.44, n = 2) ( Table 2 ). The head and inner bay were dominated by clay and very fine to medium silt sized sediment particles, whereas the outer bay and shelf edge contained more coarse silt and very fine sand (Table 2) . Mixed-layer temperatures averaged 9.33°C (SD = 0.55, n = 6) in the head and inner bay and 6.82°C (SD = 1.21, n = 6) in the outer bay, shelf and shelf edge. Bottom temperatures in the inner bay were low (x = -0.54°C, SD = 0.23, n = 5), except at the head of the bay, where temperature was 3.43°C. Average outer-bay and shelf-bottom temperatures were -0.50°C (SD = 0.12, n = 5), but temperature was much higher at the shelf edge (7.0°C) ( Table 3) . Chl a concentrations in the water were high at the head and inner bay during June (x = 0.50 µg l -1 , SD = 0.39, n = 6) and August (x = 0.48 µg l -1 , SD = 0.22, n = 6) ( Table 3 ) (see Bradbury et al. 2000 for chl a field data maps).
Spatial pattern in PCA analysis of environmental data showed similar spatial groupings to those observed for the species data. The head and inner bay samples clearly separated from outer bay and shelf samples, along Factor 1, whereas the shelf edge samples were separated from the outer bay and remaining shelf samples along Factor 2 (Fig. 7) . The head of the bay also differed from the inner bay samples. Unlike the PCA-H analysis of species data, the centre bay grouped with the rest of the inner bay. Production-related variables (average % C, chl a July and August, average % N), abiotic water column variables (mixed-layer temperature) and grain size (very fine to medium silt) were heavily weighted positive loadings along Factor 1. Very fine sand and abiotic water column variables (mixed layer salinity, bottom temperature) and distance from the head of the bay and shoreline were negative loadings along Factor 1. Bottom temperature was heavily weighted positively along Factor 2. Chl a (April, July and August) was significantly correlated positively with sedimentary organic carbon. Mixed-layer temperature was also significantly correlated with chl a (April and July) and organic carbon. Multiple regression analysis showed that all of the models developed to predict infaunal density, species richness and diversity were signifi- cant. Sedimentary organic carbon was the only significant predictor of infaunal density with a negative relationship (Table 4A) . Mixed-layer temperature and salinity were significant positive predictors of species richness (Table 4B) . Organic carbon was also negatively related to species richness. No single environmental variable predicted Shannon diversity (i.e. no significant simple linear regressions).
DISCUSSION
Although benthic ecologists have long appreciated that marine sedimentary communities are patchily distributed (Petersen 1913 , Jones 1950 , the question of why spatial variation exists is still not fully understood. This is the first comprehensive study on sedimentary macrofauna in muddy substrates in Placentia Bay, Newfoundland, and the adjacent shelf environment, and it suggests that broad-scale changes in community composition may be related to surface water characteristics (e.g. chl a).
Sedimentary organic carbon may help to explain some of the faunal variation, in that high amounts of organic carbon within Placentia Bay sediments influenced species composition, richness and diversity of macrofaunal communities. Many of the dominant species in Placentia Bay are typically abundant in organicrich areas. For example, in a shallow site (46 m) in St. Margaret's Bay, Nova Scotia (Volckaert 1987) , where organic carbon content in sediments (3.8 to 4.6%) rivalled that of Placentia Bay, dominant species were similar to those in Placentia Bay. In contrast, organic carbon in nearby Conception Bay was much lower (0.58 to 2.52%) (Kennedy 1985) than in Placentia Bay, and 2 of the 3 dominant taxa in Conception Bay that were not encountered in Placentia Bay are sensitive to organic pollution (Mirza & Gray 1981 : Maldane sarsi; Pearson et al. 1983: Nepthys incisa) . Macrofaunal densities inshore (2717 to 12 600 ind. m -2 ) were high compared to other muddy, northern areas at similar depths. Long & Lewis (1987) , sieve size not reported : Mills 1975) , correspond to some of the higher densities observed in Placentia Bay. High densities of macrofauna in Placentia Bay were not unexpected, given that the bay is relatively productive.
At a continental slope site (530 to 2003 m deep) off Cape Hatteras, North Carolina, where there is a high flux of organic carbon, infaunal assemblages were also strikingly different from adjacent regions (Blake & Hilbig 1994) . The polychaete Cossura longocirrata was one of the dominant species, and infaunal assemblages were characterised by lower species richness and diversity (Blake et al. 1987 , Blake & Grassle 1994 . Levels of diversity within the inshore portion of Placentia Bay were low, largely because of the dominance of C. longocirrata; this species has been described as opportunistic (Olsgard & Hasle 1993) . In Placentia Bay, lower organic carbon offshore corresponded to higher species richness, diversity and lower densities of C. longocirrata. Species diversity (H') and richness were also relatively higher in Conception Bay (H': 2.2 to 3.0; richness: 22 to 46) compared to Placentia Bay (Scheibe 1991) ; however, these comparisons should be interpreted with caution given the differences in collection and processing techniques.
Distinct communities occurred at the head of the Bay, in the Central Channel and on the continental shelf. Sites within the Eastern and Western Channels were generally similar to one another, whereas those from the outer bay to the edge of the continental shelf changed with increased distance from the inner bay. This pattern suggests that the islands located within the inner portion of Placentia Bay may directly or indirectly play a delimiting role for environmental and biological parameters. The first PCA-H axis suggests an inshore/offshore trend in community differences, whereas the second axis describes inner bay community differences. In general, the inshore (head and inner bay) portion of the bay was characterised by greater mixed-layer temperatures, higher surface production (chl a), large amounts of relatively fresh organic carbon (low C/N ratios) and high densities of Cossura longocirrata. At local scales (e.g. head of the bay and offshore), grain size was particularly important in influencing macrofaunal composition, despite varying amounts of organic carbon. Pectinaria granulata was a dominant member of the infaunal community at the shallow site at the head of the bay, where sediments contained more fine sand compared to other inshore sites. P. granulata displays remarkable selectivity in grain size when tube building (P. Pocklington pers. obs.) and the relatively higher variability in fine sand deposits at this site may explain variability in abundance. Five polychaete species (Scoloplos armiger, Pherusa plumosa, Spio filicornis, Syllides longocirrata and Goniada maculata) were shared between the head of the bay and the offshore sites, but were effectively absent in areas in between. All of these species are usually found in coarse sediments (Hughes et al. 1972 , Appy et al. 1980 , P. Pocklington pers. obs.), and offshore sites did contain high proportions of coarse and medium sand. Snelgrove & Butman (1994) have argued that sediment grain size may often be a surrogate for correlated variables such as larval supply. In this system, however, the spatial discontinuity suggests that grain size per se may be important, rather than organic content or larval supply. Indeed, the strong cyclonic surface currents in Placentia Bay (Schillinger et al. 2000) provides ample opportunity for dispersal throughout the bay. One other contributing factor to the composition of the shelf edge community may have been the influence of the Gulf Stream (Sheng & Thompson 1996) . Aricidea quadrilobata was only found at the shelf edge, where bottom temperature was higher than in any other area; Placentia Bay is near its northern limit (P. Pocklington unpubl. data).
The offshore sites appear to support a deeper-living fauna, where significantly more organisms were found in the 3 to 10 cm core fraction compared to inshore. Inshore areas may have reduced oxygen concentrations below the first few millimetres of sediment, given that sedimentary organic carbon content inshore was very high (4.8 to 9.1%). Valderhaug & Gray (1984) reported that carbon levels comparable to those observed in Placentia Bay are typical for areas that receive high sewage input. High organic carbon degradation in sediments is associated with reduced porewater oxygen content and accumulation of hydrogen sulphide. Both variables limit infaunal abundance (Lopez-Jumar 1981, Levin et al. 1991) . Placentia Bay inshore cores smelled strongly of hydrogen sulphide and were noticeably black below the top 2.0 to 2.5 cm; however, black sediment was not observed until much deeper in offshore sediments. High amounts of organic carbon in Placentia Bay sediments may be a result of high rates of sedimentation or slowed degradation of organic material due to cold temperatures (Pomeroy & Deibel 1986) . Although there are small coastal communities around Placentia Bay, it is unlikely that sewage runoff is a significant factor for such a large, well-flushed bay.
Low C/N ratios for Placentia Bay indicate that relatively fresh (Banse 1974 ) and easily degradable (Parsons et al. 1977 ) organic material from the plankton reaches the benthos; C/N ratios indicate food quality in the benthic environment (Mills 1975 , Grebmeier et al. 1988 , Levin et al. 1991 . Much higher ratios (e.g. 14 to 30) are expected for lower-quality refractory material typical of terrestrial sources (Godell 1972) . Freshwater sources entering Placentia Bay are few, and supply of allochthonous particulate material is likely of little influence. Nonetheless, there was terrestrial debris in cores collected at the head of the bay (authors' pers. obs.). Low C/N ratios along with the association between areas with high surface chl a and sedimentary organic carbon suggest that water column production sinks fairly quickly to the bottom (e.g. Ambrose & Renaud 1995) before it degrades or is advected out of the bay.
Studies at scales larger than Placentia Bay have shown a positive relationship between surface chl a concentrations and benthic biomass and/or abundance (Grebmeier et al. 1988 , Ambrose & Renaud 1995 , but a negative relationship was observed in Placentia Bay. Similarly, the relationship between total macrofaunal density and sedimentary organic carbon was negative (Table 3) . Abundance was significantly higher in the less productive offshore sites, and within the inshore sites some of the lowest densities were found at the head of the bay. Ambrose & Renaud (1995) noted some decoupling of surface production and benthic biomass in a Greenland polynya, where benthic biomass/density was lower than in areas where surface and sedimentary chl a were closely linked; decoupling was attributed to zooplankton grazing. Decoupling was probably not the mechanism in Placentia Bay because high surface chl a was generally associated with high sedimentary organic carbon.
The negative relationship between surface production and infaunal density in Placentia Bay is likely a result of several confounding factors. Offshore densities were greatly increased by the deeper-living fauna; if only the upper 0 to 3 cm core fractions are compared, then inshore and offshore densities are not significantly different (n = 47, U-test = 124.5, p = 0.065). Moreover, a single offshore site located near Oderin Bank (Fig. 1) is known by local fishermen to be very productive, and had much higher densities than other offshore sites. Upwelling areas have been associated with high macrofaunal abundance (Levin & Gage 1998) , except when hypoxia confounds the pattern (Sanders 1969) . Inshore, low densities were observed at 3 sites where organic carbon was highest; low densities may be a result of sulphide production in sediments or poorer food quality. In conclusion, broadscale patterns of community composition and density in Placentia Bay and the adjacent shelf are largely correlated with surface oceanography as seen by the importance of surface characteristics (chl a) and sedimentary carbon (which tracks surface production).
